ABSTRACT One California processor of organic garbanzo beans (Cicer arietinum L.), unable to use chemical fumigants, relies on 30-d storage at Ϫ18ЊC to disinfest product of the cowpea weevil, Callosobruchus maculatus (F). To determine whether the storage period may be shortened, the most cold-tolerant life stage of the cowpea weevil was identiÞed. Laboratory studies showed that the egg stage was most tolerant to Ϫ18ЊC and that adults were most susceptible. To examine the efÞcacy of cold storage disinfestation, bags of black-eyed peas, Vigna unguiculata (L.) Walp., infested with cowpea weevil eggs were buried within garbanzo bean bins placed in a commercial cold storage facility kept at approximately Ϫ18ЊC and removed after 7, 14, and 21 d. Survival was highest in eggs located at the center of the bins and coincided with the slowest cooling rate. Although temperatures within the bins did not reach Ϫ18ЊC until after 14 Ð19 d, egg mortality was estimated to be Ͼ98% after just 7 d of exposure. Complete mortality of eggs occurred after 14 d of cold storage. A 2-wk treatment regimen may be sufÞcient for control of cowpea weevil in organic legumes.
CALIFORNIA IS RESPONSIBLE FOR roughly 80% of the blackeyed peas (cowpeas), Vigna unguiculata (L.) Walp., produced in the United States and is one of the major U.S. producers of garbanzo beans (chickpeas), Cicer arietinum L. (NASS 2003) . A serious postharvest pest of these products and other legumes is the cowpea weevil, Callosobruchus maculatus (F.) (Coleoptera: Bruchidae). Cowpea weevil larvae feed hidden within the seeds of many different legumes, and populations may grow unnoticed to severely damaging levels. Cosmopolitan in distribution, the cowpea weevil and related bruchids cause serious product loss throughout the world, particularly in developing countries where legumes may serve as a signiÞcant source of nutrition. Within the United States, cowpea weevil infestations in postharvest legumes are controlled with the chemical fumigants methyl bromide and phosphine. Regulatory loss of methyl bromide (UNEP 1992) , and possible restriction of phosphine (USEPA 1998) , in addition to the rising popularity of organic product lines, have created interest in nonchemical disinfestation treatments.
One alternative is the use of cold storage. Product storage at temperatures of Ϫ7 to 1ЊC was recommended for control of Callosobruchus species early in the previous century (Duvel 1905, Larson and Simmons 1924) . Using very rapid cooling rates, Mullen and Arbogast (1979) determined the LD 95 of C. maculatus eggs after exposure to Ϫ15ЊC to be Ϸ5 h, noting that this species was among the more cold-tolerant stored-product insects. Various Cooperative Extension sources recommend 4 d at Ϫ18ЊC for control of cowpea weevil in home pantries (Sorensen 1994 , Lyon 1997 . However, detailed information on the response to commercial freezer temperatures of cowpea weevil infesting bulk-stored legumes is not available. Control recommendations for small-scale home use are not necessarily applicable to bulk storage situations because of the differences in cooling rates.
A bean processor with ready access to a nearby commercial cold storage facility has successfully used 30-d exposures to Ϫ18ЊC to disinfest organic garbanzo beans of C. maculatus. We believed that a 30 d exposure might be unnecessarily long. To develop more useful recommendations, we determined the most cold tolerant stage of the cowpea weevil, and the exposure times needed for control of cowpea weevils in bulk-stored garbanzo beans under commercial freezer conditions. This article reports the results of research only. Mention of a proprietary product does not constitute an endorsement or recommendation for its use by USDA.
Materials and Methods
Preliminary Treatment of Field-Infested BlackEyed Peas. Black-eyed peas heavily infested with a mixed stage population of C. maculatus were collected from farm stores near Patterson, CA. Into each of 12 plastic deli cups (500 ml) with snap-on lids we put 250 g of infested peas. The lids were modiÞed to provide ventilation by taping organdy cloth over a hole (20 mm in diameter) punched in the center of each lid. We placed 10 of the deli cups in an ultralow temperature freezer (Revco ScientiÞc, Asheville, NC) set at Ϫ18ЊC, a temperature comparable with commercial cold storage facilities. The remaining two cups were used as untreated controls (0-h exposure). We removed two cups from the freezer after 6, 12, 24, 36, and 48 h of exposure. Immediately after removal from the freezer, the peas were carefully examined and any living or dead adult weevils were counted and discarded, both to evaluate adult survival and to prevent posttreatment oviposition. The peas were held at 28ЊC and examined for subsequent adult emergence two or three times each week for the next 3 wk.
Comparative Cold Tolerance of Life Stages. We used C. maculatus from a laboratory colony originally obtained in May 2000 from black-eyed peas near Patterson and maintained on black-eyed peas. Immature cowpea weevils of known ages were obtained by adding 10 ml (Ϸ100) of recently emerged adult weevils to 450 g of black-eyed peas. We held the peas at 28ЊC for 24 h, before carefully removing the adults. The infested peas were then held at 28ЊC until treatment. In preliminary studies, we determined the appropriate age for treatment by periodically dissecting infested peas. Peas were treated 2, 6, 8, 13, and 19 d after removal of adults, when cowpea weevils were predominately eggs, Þrst or second instars, third instars, fourth instars, and pupae, respectively.
All Þve immature life stages were treated together. We placed 30 g of peas infested with a single stage in a plastic petri dish bottom (9 mm in diameter). One uncovered dish for each of the stages was randomly placed on an aluminum tray. Three such trays were used for each of four treatments. At the beginning of each test, all but three of the trays were placed on three shelves in a freezer set at Ϫ18ЊC. The shelves were placed 9 cm apart. A Hobo datalogger (Onset Computer, Bourne, MA) was placed on one tray on each shelf. One tray was randomly removed from each shelf 80, 100, and 120 min after the start of the test. Dishes from the three trays not placed in the freezer were used as untreated controls (0-min exposure). After removal from the freezer, lids were added to each dish, and the dishes were held at 28ЊC for adult weevil emergence. Dishes were examined for adults two or three times each week for the next 3 wk. Adult emergence from untreated controls was used as an estimate of the number of insects treated and to calculate treatment mortality. The test was replicated three times.
The cold tolerance of adults was tested separately. Ten recently emerged adults (24 Ð72 h old) were placed in plastic straws (95 by 5 mm). The ends of the straws were folded over and stapled. Three straws were used for each of four treatments. At the beginning of each test, all but three of the straws were placed in an enamel pan in the freezer set at Ϫ18ЊC. The straws that were not placed in the freezer were used as untreated controls. Preliminary tests indicated that adult weevils were less cold tolerant than the immature stages, so treatment times were much shorter. Three straws were removed at 20, 40, and 60 min after treatment began. Treated adults were removed from the straws and placed in plastic petri dishes held at 28ЊC. Adults were evaluated 2 h after treatment, and again 24 h later. Adults were counted as normal if they were actively moving, moribund if they were moving but unable to walk, and dead if no movement was seen. The test was replicated three times.
Mortality of Cowpea Weevil Eggs in Bean Bins Treated in a Commercial Cold Storage Facility.
To evaluate the efÞcacy of commercial cold storage to disinfest beans throughout a storage bin, we used industry standard metal bean bins (1.3 by 1.3 by 1.3 m) Þlled with organic garbanzo beans. Based on results from the preceeding studies, we used cowpea weevil eggs as our target stage. Two separate tests were done. Approximately 24 h before the start of each test, 100 g of black-eyed peas and 50 recently emerged adult weevils were placed in each of 14 small cloth bags made from nylon dress socks. In preliminary studies, the center of bean bins placed under commercial cold storage conditions reached Ϫ18ЊC after Ϸ19 d. Because we were concerned that this slow cooling rate might allow eggs to continue development and larvae to hatch before killing temperatures were reached, we left the adults in the bags in hopes that they would continue producing new eggs as the bins cooled.
Cylindrical screen cages (1.3 m by 11 cm in depth) made of 6-mm mesh hardware cloth and Þlled with garbanzo beans were used to position and retrieve the bags from within the bean bins. In each of the cages, one bag was placed in each of three positions, Ϸ2 cm (bottom), 32 cm (midway), and 65 (center) cm from the bottom of the cage (Fig. 1) . Hobo dataloggers were also placed at these positions as well as the top of the cage. Temperatures were recorded hourly. Each cage was then stood in the center of a bin of garbanzo beans. Four such bins were used; three were placed within a 13,470 m 2 , ammonium-cooled, commercial cold storage facility kept at between Ϫ18 and Ϫ20ЊC. The fourth bin was kept at ambient warehouse temperatures for 21 d as an untreated bin control.
Because of the slow cooling rate previously noted, treatment times were 7, 14, and 21 d. After each treatment time, the bags of infested peas and dataloggers were removed from one of the cold storage bins with a shop vacuum. Black-eyed peas from each bag were carefully searched, and the adult weevils used to infest the peas were removed. The peas were transferred to plastic deli cups (500 ml) and held at 28ЊC for subsequent weevil emergence. Two extra bags of infested peas were used as additional controls. One bag was kept in the laboratory and the second was taken to the warehouse the morning the treatment bins were set up and returned to the laboratory that same afternoon. Bags containing infested peas were kept cool during transport to and from the cold storage facility in Styrofoam ice chests. Adults were removed from these bags 7 d after treatment, and the peas were held for subsequent weevil emergence. During the second test, three additional bags of peas were infested as described above, but the adult weevils were removed after 24 h.
Statistical Analysis. Mortality of immature stages was compared using the SAS general linear model (GLM) analysis of variance (ANOVA) procedure (SAS Institute 1989). An arcsine transformation was done for mortality values to normalize the data. For the bins in the commercial cold storage facility, hourly temperature values for a given bin location (top, center, midway, and bottom) were averaged across all treated bins for each test. As the bins were removed from the treatment, the number of bins being monitored decreased accordingly. During the Þrst and second week of treatment, temperature values were averages of three and two bins, respectively, whereas values were from a single bin for the Þnal week.
Results
Preliminary Treatment of Field-Infested BlackEyed Peas. We recovered 1,784 adult cowpea weevils from 500 g of untreated Þeld-infested black-eyed peas ( Table 1) . Adult emergence was reduced by Ͼ99% after 6 h of treatment at Ϫ18ЊC and was reduced completely after 24 h. All adult weevils present in the peas at the time of treatment were killed, regardless of exposure time.
Comparative Cold Tolerance of Life Stages. There was no signiÞcant difference (P Ն 0.05) between any of the immature stages after exposure to Ϫ18ЊC for 80 min ( Table 2 ). The egg stage was signiÞcantly more tolerant to exposures of 100 min (F ϭ 4.93; df ϭ 4, 10; P ϭ 0.0186) and 120 min (F ϭ 10.8; df ϭ 4, 10; P ϭ 0.0012) than were all other immature stages. There were no signiÞcant differences between the immature postembryonic stages at any of the treatment times. Adult weevils were less cold tolerant than immature stages (Table 3) , with 97% mortality reached after only 20 min and 100% mortality reached after 40 min of exposure to Ϫ18ЊC.
Mortality of Cowpea Weevil Eggs in Bean Bins Treated in a Commercial
Cold Storage Facility. In both tests, temperatures within the bins (center, midway, and bottom) dropped steadily, with the slowest cooling rate at the center of the bins and the most rapid cooling rate at the bottom (Fig. 2) . Temperatures at the tops of the bins were more erratic, probably in response to elevated air temperatures as warm product was added to the surrounding area. Starting and ending temperatures within the bins for the Þrst test were 2Ð3ЊC above the second, but the overall shape of the cooling curve for both tests was similar. Apparently, air temperature of the cold storage facility was Ϸ2ЊC lower in the second test. Bin temperatures never quite reached the target temperature of Ϫ18ЊC in the Þrst test, whereas the target temperature was (Howe and Currie 1964 ) Ϸ2 d after the bins were placed in the freezers. It is therefore unlikely that any larvae were able to hatch before lethal temperatures were reached.
None of the adults used to infest the peas survived cold treatment, regardless of exposure time. Table 4 shows the number of weevils emerging from infested peas in both tests. No weevils emerged from peas treated for 14 or 21 d in either test. In both tests, two weevils emerged after 7 d of treatment from peas placed in the center of the bins. The number of weevils from untreated control peas and from peas buried in untreated (0 d) bins was variable, averaging (ϮSE) 245 Ϯ 45.2 and 460 Ϯ 28.3 from the Þrst and second test, respectively. We assumed that the above-mentioned values for untreated peas were an estimate of the maximum number of viable eggs that were present in the infested peas buried in the bins. Conversely, the number of weevils emerging from peas infested with adults for only 24 h is an estimate of the minimum number of viable eggs present in the infested peas and was 200 Ϯ 29.3, 43% of the maximum, for the second test. We estimated the minimum for the Þrst test to be Ϸ105 eggs (43% of 245). Using these estimates for minimum and maximum number of eggs present in treated peas, we calculated a reduction after 7 d of 
Discussion
Early work with cold storage disinfestation of cowpea weevil dealt with treatment temperatures of Ϫ7 to 4ЊC (Duvel 1905, Larson and Simmons 1924) . Very little was done with relative cold tolerance of different life stages, although Larson and Simmons (1924) indicated that eggs were the most susceptible stage when exposed to Ϫ7ЊC. In contrast, Mullen and Arbogast (1979) compared the effect of low temperatures on the eggs of Þve species of stored-product insects and found C. maculatus eggs to be among the most cold tolerant, with LD 50 values of 2.7, 1.3, and 0.3 h for Ϫ10, Ϫ15, and Ϫ20ЊC, respectively. No data were presented for other life stages.
Our results conÞrm that C. maculatus eggs are the most tolerant stage to freezing temperatures and that adults were highly susceptible. Because the larval stages of the cowpea weevil feed and pupate within host seeds, larvae and pupae may experience some degree of insulation from cold temperatures when compared with free-living adults. This may account for some of the difference in cold tolerance between these stages. However, cowpea weevil eggs are laid on the seed surface and are not insulated from freezing temperatures, suggesting that cold tolerance of cowpea weevil eggs is due to a physiological mechanism and not placement within a protected microhabitat.
For most other species of stored-product insects, eggs are often the most susceptible stage to low temperatures (Fields 1992) . However, some temperate insects overwinter in the egg stage and have developed mechanisms within the egg to avoid freezing or chilling injury (Strathdee et al. 1995 , Ellsbury et al. 1998 , Rivers et al. 2002 . Because the cowpea weevil is tropical and subtropical in distribution, speciÞc mechanisms for survival at low temperatures are not expected. It has been suggested that certain inherent properties of insect and mite eggs, such as small volumes and lack of ice nucleators, result in extensive supercooling (Leather et al. 1993 ) and allow the avoidance of freezing. Thus, eggs from species not normally exposed to extreme low temperatures may have relatively low supercooling points (Loriza-Lozinskii, 1974) .
Another line of reasoning is that mechanisms evolved for drought tolerance also impart cold tolerance (Ring and Danks 1994) . Appel et al. (1999) found that the cuticular permeability values of cowpea weevil adults were similar to xerically adapted arthropods, most probably an adaptation to the dry environments of stored beans. A relatively high proportion (67.7%) of cowpea weevil eggs were shown to hatch at humidity levels as low as 20% (Utida 1972) . The structure of Callosbruchus eggs may be an adaptation to xeric storage environments; the chorion not in immediate contact with the seed is thick (10 Ð20 m), with a posterior funnel that seems to be the single route for water loss (Credland 1992) . The cold tolerance of eggs of the cowpea weevil may be due to mechanisms developed to prevent dehydration under dry conditions.
The results obtained from laboratory treatment of small lots of Þeld-infested black-eyed peas at Ϫ18ЊC (Ͼ99% mortality after exposures of Ն6 h) were similar to those in Mullen and Arbogast (1979) , where 95% mortality of eggs was reached after treatment at Ϫ15ЊC for Ϸ6 h. Extension sources that recommend 4 d at Ϫ18ЊC to kill all life stages of cowpea weevil must be assuming cooling rates comparable with those found by Mullen and Arbogast (1979) for packaged commodities in home freezers. Such recommendations cannot be applied to commercial situations, where bulk storage of beans in bins results in much slower cooling rates. However, our results indicate that acceptable control may occur well before temperatures reach Ϫ18ЊC throughout the bins. Mullen and Arbogast (1979) estimated the LT 95 for cowpea weevil eggs exposed to Ϫ10ЊC to be Ϸ28 h. In our bin treatments, we found egg survival only at the center of the bins after 7 d of treatment. At this time, temperatures at the center of the bins had not yet reached Ϫ10ЊC, whereas temperatures at all other locations had been below Ϫ10ЊC for at least 35 h. Temperatures at the center of the bins were at Ϫ10ЊC for at least 30 h after Ϸ10 d of treatment. Consequently, treatment times of 14 d should ensure adequate control.
Temperature recordings taken in the garbanzo bean bins during cold storage show that cooling rates at the center of the bean mass are very slow. Cooling rates near the bottom of the bins were more rapid, no doubt due to the proximity of the concrete ßoor, which acts as a heat sink. It is possible that the temperature proÞles of bins stacked on top of other bins may differ. Bean processors should consider such variability when developing treatment protocols. Monitoring the center temperature of representative bins would also be useful to processors in determining treatment vari- b Untreated peas infested with adults for 7 d and transported to and from warehouse.
c Untreated peas infested with adults for 24 h and held in the laboratory.
ability. Our results indicate that cold storage treatments of 30 d for commercial disinfestation of bean bins are excessive. Treatment times as short as 14 d should be effective for commercial disinfestation, assuming cooling rates similar to those found in the current study. It is also possible that treatment times could be further reduced by improving air ßow through the beans, which should increase cooling rates.
